Recent development and challenges in DNA biosensing technology for the detection of DNA hybridization are reviewed with respect to their abilities to achieve lower detection limit and higher selectivity. Researchers exploit a range of different chemistries for the development of DNA hybridization biosensors, however all the designs take advantage of heterogenous hybridization between the surface-bound DNA (the probe) and the DNA sample (target) in the solution. The detection protocols include using optical, microgravimetry, and electrochemical-based device to transduce DNA hybridization by observing changes in light, mass/frequency, and current/charge, respectively, upon exposure to the sample. The pros and cons of these biosensor designs are discussed with illustrative examples.
Introduction
Over the past decade, DNA sensing has become increasingly important owing to the advances in medical technologies which lead to the discovery of more genetic diseases. As a result, DNA biosensor technologies that focus on the direct detection of nucleic acids are currently an area of tremendous interest as they can be employed to detect the presence of genes or mutant genes associated with genetic/infectious diseases rapidly and efficiently. 1 The DNA sensing technology relies on heterogeneous hybridization between a surface-bound DNA with known genomic sequence, i.e., the probe, and the free target DNA with complementary genomic sequence in the solution. This new technology has the potential to replace the conventional techniques such as southern blotting 2 which is usually slow and requires hours to days to produce a reliable outcome. However, arrays of DNA can offer high accuracy of multiplex analysis of different genomic sequences. For example, the GeneChip developed by Affymetrix 3 is able to provide DNA sequence information with an assay time of 16 h via hybridization of labeled DNA in solution to DNA molecules immobilized at a specific location on the chip. Such a DNA microarray is an excellent research tool but is less compatible with rapid monitoring of specific DNA sequence especially mutated sequences with single nucleotide polymorphism (SNP), outside the research laboratory.
For DNA hybridization biosensors to be commercially viable for the analysis of biological samples, there are several requirements that need to be satisfied. First of all, the biosensor requires an easy-to-construct sensing interface which is able to give a reproducible assay signal. Second of all, the transduction methods need to be (i) highly specific toward the detection of a specific genomic sequence to an extent that it allows the detection of SNP; (ii) highly sensitive with high signal-to-noise ratio to minimize the likelihood of a false-positive outcome; (iii) economic which requires no or little expensive labeling materials on either probe or target DNA; and (iv) user friendly such that no skilled personnel are required. Lastly, the prospect of DNA sensor array development needs to be fulfilled so that detection of multiple genomic sequences can be carried out simultaneously.
Currently, the common transducing elements for DNA biosensors include the use of optical, 4-9 mass-sensitive 10 and electrochemical [11] [12] [13] [14] [15] devices, which utilizes light, frequency, and current/charge, respectively, to detect DNA hybridization. Different DNA immobilization methods are exploited in attaching the probe DNA onto the surface of the transducer, for example by adsorption, [16] [17] [18] [19] [20] copolymerization, 21,22 complexation 4 and covalent attachment [13] [14] [15] 23, 24 depending on the chemical characteristic of the solid support, which can be a metal, glass, or carbon surface.
This article reviews the recent trends and provides an insight to the ongoing research on inventive designs of different types of DNA hybridization biosensors. Illustrative examples are included to compare and contrast these biosensor designs.
Optical DNA Hybridization Biosensors
Different types of optical DNA hybridization biosensors have been developed. These optical techniques involve the use of fluorescent or surface plasmon resonance (SPR) spectroscopy depending on whether a fluorescent label is employed.
A typical fluorescent DNA biosensor relies on the emission signal from a fluorescent-label which is bound to either the DNA duplex or target DNA to transduce hybridization via the use of a fluorometer. Normally, fiber optics are used as the medium to transduce this signal as they allow light transmission by series of internal reflections. In one example, Krull and co-workers 5 covalently immobilized ss-DNA onto the end of an optical fiber and subsequently hybridized with complementary target DNA in the solution. Hybridization on the probe DNA modified optical fibers was detected using ethidium bromide as the fluorescent label and it can only fluoresce upon intercalation into a DNA duplex which is not possible with ss-DNA. Since this sensing approach essentially relies on the ability to accumulate ethidium bromide through intercalation into DNA duplexes, the aspects of discrimination against base pair mismatches is limited as the presence of mismatches will not greatly affect its ability to form a DNA duplex. However, the prospect of using this technology within the design of a DNA sensor array can be met as shown by Walt and co-workers 25 where they demonstrated simultaneous detection of multiple DNA genomic sequences using fiber-optic DNA array. In this example, the hybridization of a fluorescently labeled complementary target was monitored by observing an increase in fluorescence that accompanied binding.
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Fluorescent-labeling of the probe DNA strands eliminates the need to modify the target strand which allows direct fluorescent detection of DNA hybridization that can offer higher sensitivity and specificity. This is demonstrated through an innovative approach with the design of molecular beacons as shown in Fig. 1 . 9 The biotinylated probe ss-DNA molecular beacon was immobilized onto a solid silica surface through biotin-avidin binding. The molecular beacon consists of a stemand-loop structure, with the loop being a sequence of probing ss-DNA and the stem made up of short complementary sequences of DNA at each end of the probe causing the fluorophore (tetramethylrhodamine) to be located next to the quencher (dimethylaminoazobenzen aminoexal-3-acryinido). When the probe sequence in the loop hybridizes with the complementary target in the solution, the formation of rigid DNA duplex separates the quencher from the fluorophore, restoring the fluorescent status of the fluorophore. Another optical transduction method, SPR offers label-free in situ detection of DNA hybridization. SPR is an evanescent wave optical technique which is sensitive to changes in the surface optical properties, e.g., a shift in resonance angle of the reflectivity of the light at the transducer surface upon hybridization of the probe and the target in the solution. It reports changes in refractive index of a thin recognition layer on a metal substrate that occurs upon adsorption of the ss-DNA and also hybridization with the target DNA. Watt and co-workers 26 further combined a resonant mirror to the SPR to improve the sensitivity of this type of optical sensor even further. A two-color SPR was also utilized to study the kinetics of hybridization as it allowed unique determination of both the thickness and dielectric constant of the sensing surface.
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Mirkin and co-workers developed a straightforward optical readout approach which involves labeling probe DNA with gold nanoparticles that change color from red to purple upon hybridization with the target DNA. This method is desirable as it allows rapid detection and it provides a colorimetric response with good selectivity which requires little or no instrumentation.
28,29

Microgravimetry DNA Hybridization Biosensors
As with using SPR for DNA sensing, the microgravimetry DNA biosensor is also able to offer label-free in situ detection of DNA hybridization through acoustic waves, surface acoustic waves or Love waves. Acoustic wave detection using the quartz crystal microbalance (QCM) has been demonstrated by many researchers. [30] [31] [32] [33] [34] The QCM is known as an extremely sensitive mass-measuring device as its resonance frequency decreases with an increase in mass on the QCM.
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A typical configuration of a QCM DNA biosensor consists of probe DNA immobilized on the metal plates of a quartz crystal (Fig. 2) .
The DNA hybridization is monitored via a decrease in the in situ oscillating frequency as a result of the increase in mass associated with the hybridization event. A high specificity DNA QCM biosensor that enables the detection of single-base DNA mismatches is obtained when the probing DNA is replaced with a peptide nucleic acid (PNA) probe. 36 For example, a DNA QCM sensor exhibited a 26-31% decrease in resonant frequency when mismatch target DNA was injected, 32 whereas, Wang and co-workers 36 showed that no decrease in the resonant frequency was observed upon addition of mismatch sequence to the PNA QCM biosensor. PNA is an analogue of DNA in which the backbone is a pseudopeptide rather than a sugar. It mimics the behavior of DNA and binds to complementary DNA sequence. The neutral backbone of PNA results in stronger binding and greater specificity towards a complementary DNA sequence than the usual DNA-DNA hybridization. The sensitivity can also be improved by incorporating anti-ds-DNA antibody, which binds specifically to ds-DNA in the biosensor design. Amplification of the system and confirmation of the primary formation of the DNA duplexes are achieved through further binding of a secondary antibody (anti-mouse FCantibody) that binds specifically to anti-ds-DNA antibody. Besides its ability to detect hybridization, QCM has also been employed to obtain quantitative measurements, such as the surface density of the probe DNA 38 and degree of hybridization (i.e., hybridization efficiency) 33, 38 as real-time frequency responses can be obtained. These biosensors have also been used in the studies of other DNA interactions, such as in situ monitoring of protein-DNA 39 and anticancer drug-DNA bindings. 
Electrochemical DNA Hybridization Biosensors
Frequently, the optical and microgravimetry approaches to DNA transduction rely on changes in the amount of DNA at the transducer interface to infer DNA hybridization rather than transducing the hybridization event directly as information regarding how well the binding between the probe and complementary target cannot be obtained through the output signals. Regardless of whether the target DNA is labeled, an increase in the resultant analytical signal indicates an increase in the amount of DNA, which may arise either from hybridization with the probe DNA or non-specific adsorption of target DNA onto the transducer surface. In the case of optical DNA biosensors, a false-positive diagnosis of hybridization might occur as a result of non-specific adsorption of a fluorescent label onto the transducer. In fact, the incorporation of a molecular beacon 9 into the design of an optical DNA biosensor is the only known optical transduction method that does give information directly regarding duplex formation as the fluorophore can only fluoresce once the stem is broken apart. However, one potential limitation of the molecular beacon approach is that the thermodynamic equilibrium needs to favor the duplex formation in the loop sequence such that the duplex in the stem can be broken apart to restore the fluorescent status of the fluorophore.
Electrochemical system has distinctive advantages over the optical and microgravimetry sensing systems, as it offers a simple, rapid, low cost point-of-care detection for selected target DNA and is suitable for fabrication of miniaturized devices. An impressive number of inventive designs for electrochemical DNA sensing have emerged. Recently published review articles by Kerman et al., 41 Drummond et al., 42 Wang 43 and Gooding 44 summarized the state-of-the-art and recent trends in this biosensor technology. The most common strategy for electrochemical detection of hybridization is through the use of a redox-active label where there is a change in affinity of the redox molecule toward the probe ss-DNA modified interface compared with after exposure to the sample with target DNA. The labels range from redoxactive DNA specific molecules, e.g., DNA groove binders 45 and intercalators, 14, 15, 46 biological molecules such as enzymes 47−49 or metal-nanoparticles 50−52 such as cadmium sulfide. An alternative to using redox-active labeled systems is the label-free approach which relies on either the intrinsic redox-active properties (e.g., direct oxidation) of DNA bases (guanine or adenine) [53] [54] [55] [56] or a change in electrical properties on the transducer surface. 
Label-free electrochemical DNA biosensors
Numerous label-free electrochemical detections of DNA hybridization have been investigated in the past few years through direct oxidation of DNA. Palecek pioneered the study of electroactivity of DNA in 1960. 58 Among the constructs of DNA, only the DNA bases were found to be electroactive and able to undergo reduction and/or oxidation on the surface of the transducer. The DNA bases undergo reduction at highly negative potentials, which are attainable only using mercury electrodes while oxidation occurs at highly positive potentials attainable only using carbon electrodes. Typical transduction methods of label-free electrochemical DNA biosensors rely on monitoring the oxidation current of DNA purine bases, guanine or adenine, as they are the most electroactive DNA bases and can be easily absorbed and undergo oxidation on carbon surfaces. The oxidation currents of guanine and adenine are reported at to be around 1.0 V and 1.3 V versus Ag|AgCl, respectively, in 0.5 M acetate buffer solution at pH 4.8.
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A typical electrochemical label-free DNA biosensor consists of probe ss-DNA absorbed on carbon surfaces and the magnitude of the guanine oxidation current is recorded prior to hybridization. For example, Wang et al. 60 immobilized probe ss-DNA onto screen-printed carbon electrodes and used the decrease in guanine response of the immobilized probe upon exposure to a guanine-free complementary target to monitor hybridization events. However, measurement of the decreased guanine oxidation current for the detection of hybridization is very limited as it cannot be used for detecting targets containing guanine bases. Such a limitation is overcome by using an inosine-modified (guanine-free) probe onto the carbon surface. Like guanine, the inosine moiety binds preferentially with the cytosine base 61 but its electroactivity is about three orders of magnitude lower than guanine.
62 This inosine-modified approach was utilized by Mascini and co-workers 53 in conjunction with polymerase chain reaction (PCR) to detect DNA sequences related to the apolipoprotein E by immobilizing inosine-modified probes onto screen-printed carbon electrodes, where the guanine oxidation current is detected using Osteryoung square wave voltammetry (OSWV). Using the same inosine approach on carbon paste electrodes, Wang et al. 56 eliminated the need for PCR by utilizing chronopotentiometry instead of OSWV as the electrochemical technique to detect hybridization. Chronopotentiometry is effective in discriminating against background contribution at relatively high potentials, therefore gives a more defined guanine oxidation current and the sensitivity is therefore enhanced by this approach. 60, 63 Another strategy to improve the signal-to-noise ratio was demonstrated by Wang et al., 64 where a two-step approach was used for capturing target DNA using probe DNA immobilized onto magnetic beads. The magnetic beads were separated from the analyte solution after hybridization and were exposed to acidic solution to depurinate the hybridized DNA on the beads. The free guanine and adenine DNA bases were collected, analyzed, and amplified using anodic stripping voltammetry in the presence of copper ions 64 since Shiraishi and Takahashi have shown previously that the anodic response of free adenine and guanine is greatly enhanced in copper solution.
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A novel approach to further amplify the guanine oxidation current is through the use of multi-walled carbon nanotubes (MWNTs). 66 A significantly enhanced guanine oxidation current is observed when the direct electrochemistry of guanine is performed at a MWNT modified glassy carbon electrode compared to an unmodified glassy carbon electrode using cyclic voltammetry (CV). 67 Wang et al. 66 reported an 11-fold increase in the guanine oxidation current using an end-functionalized MWNT-DNA modified glassy carbon electrode for the detection of DNA sequences related to the breast cancer BRCA1 gene compared to a MWNT-free glassy carbon electrode. To further enhance the guanine oxidation current, Kerman et al. 68 incorporated a combination of sidewall-and end-functionalized MWNT into their design of a label-free DNA biosensor as shown in Fig. 3 . The promising conductivity of MWNTs, and the creation of a larger surface area for DNA immobilization by sidewall-and end-functionalized MWNTs further lowered the detection limit down to levels which are compatible with the demand of genetic tests.
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Another amplification approach was reported by Pedano et al. 69 through the use of carbon paste nanotube electrodes for adsorption of probe DNA to detect hybridization via electrochemical oxidation of guanine. They reported a 61-fold Fig. 3 . A novel DNA-directed attachment of MWNT onto the carbon surface to amplify the guanine oxidation current for the label-free DNA biosensor which relies on the guanine oxidation to detect hybridization. The sidewall and end of MWNT is functionalized and modified with adenine probes, which are allowed to bind to the thymine probe on the carbon surface. After the DNA-directed attachment of MWNT, an inosine substituted thymine capture probe is allowed to bind to adenine modified MWNT surface, which leaves the inosine substituted part free to hybridize with the target DNA containing guanine. Upon hybridization with target DNA, the appearance of the guanine oxidation current is monitored to detect hybridization.
increase in the guanine oxidation current using a carbon paste nanotube modified electrode compared to a bare carbon paste electrode. 69 Such an amplification clearly demonstrated the advantages of using carbon paste nanotubes as biosensing materials.
Therefore, the strength in probing hybridization through direct electrochemistry of guanine is the ease of preparation of the sensing interface as no labeling step is required and it is amenable to a range of different transducer surfaces. However, the guanine signals are difficult to discriminate against the high background signals since the oxidation of guanine occurs at high electrochemical potentials. Besides, this approach will destroy the analyte sample upon assay as the oxidation of guanine is irreversible. As a result, the approach is also not practical for the development of a DNA sensor array as the guanine signals are difficult to be differentiated among probe strands of different genomic sequences.
Besides using direct oxidation of the guanine bases to detect DNA hybridization, there are other label-free electrochemical biosensors that rely on the electrical charge flow through DNA for detection of hybridization. Fink and Schönenberger reported the first electrical measurement on DNA which is at least 600 nm long.
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The resistivity values obtained from these measurements are comparable to those of conducting polymers. The change in electrical property from ss-DNA to ds-DNA forms the basis for this alternative type of label-free DNA transduction. This was demonstrated by Kraatz and co-workers 71 where the difference in resistance between a metallated DNA duplex (M-DNA) and a normal duplex DNA (B-DNA) was utilized to detect hybridization and single-base DNA mismatch using electrochemical impedance spectroscopy. M-DNA is a metallated form of DNA which forms a complex with Zn 2+ at pH 8.5. 72 Its formation causes significant changes in the electronic properties of the DNA that are readily detected by electrochemical impedance spectroscopy. The difference in charge transfer resistances between B-and M-DNA decreased from 190 Ω cm 2 for a perfectly matched duplex to 95, 30 and 85 Ω cm 2 for single-base mismatch duplex at the top (distal), middle, and bottom (proximal) positions of the monolayer with respect to the gold surface.
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Changes in the structural conformation of DNA from ss-DNA to ds-DNA was also used to transduce hybridization directly without any label, as ss-DNA is a floppy strand while ds-DNA forms a rigid rod-like strand. For example, KorriYoussoufi et al. 73 developed direct electrical detection of DNA hybridization by monitoring changes in the conductivity of conducting polymer molecular interfaces caused by the rigidity of the DNA duplex upon hybridization. They attached probe ss-DNA onto a polypyrrole modified transducer surface and a decrease in current of the electroactive polypyrrole at −0.2 V versus SCE in cyclic voltammogram and a shift to more positive potential of the oxidation wave was used to transduce hybridization. Such a change in electrical properties of polypyrrole was attributed to conformation changes of probe ss-DNA into a bulky and stiff DNA duplex which limited the degree of freedom of the polypyrrole to transform into a quinoid structure. Changes in double layer capacitance of probe ss-DNA interface prior to and after hybridization observed in cyclic voltammogram was also used to detect DNA hybridization. 57 A greater capacitance was observed for ds-DNA interface as the rod-like structure of the duplex opened the access of ions onto the transducer surface while the ss-DNA hindered the access. 
Redox reporter labeled electrochemical DNA biosensors
For a typical assay using a redox-active labeled system, the immobilized probe ss-DNA is exposed to the label before exposure to the target DNA. In most cases hybridization is transduced by a change in the magnitude of the label's electrochemical current after hybridization. For example, Millan and Mikkelsen 13 attached probe ss-DNA to glassy carbon electrodes and exposed this in the cationic reporter label, tris(1,10-phenanthroline) cobalt (III) perchlorate Co(phen) 3+ 3 . It showed enhanced electrochemical current in cyclic voltammogram upon hybridization and this was used to transduce hybridization. The enhanced current is a consequence of Co(phen) 3+ 3 being a minor groove binder and hence has a greater affinity toward the rigid ds-DNA modified surface (compared to ss-DNA surfaces). The work of Ozsoz and co-workers 74,75 exploited a decrease, rather than an increase, in the affinity of the redox reporter to the ds-DNA interface upon hybridization with probe DNA. They used methylene blue (MB) as the label, which has been shown to bind to guanine bases 76 for DNA transduction. Hybridization reduces the accessibility of the guanine to MB as a result of stronger binding affinity to the complementary target DNA bases and hence there is a concomitant decrease in MB current observed in OSW voltammograms. These approaches still infer rather than transduce hybridization as they still rely on a change amount of DNA at the recognition interfaces, i.e., MB can bind to the unhybridized target strand which adsorbed onto the surface of the transducer.
Fan et al. 77 also used the decrease in redox reporter current to transduce DNA hybridization. They employed the stem-and-loop molecular beacon biosensor design as illustrated in the design of the optical DNA biosensor as shown in Fig. 1 , but the fluorophore was replaced by an electroactive ferrocene label. The stem-andloop DNA structure was self-assembled onto a gold electrode by means of the facile gold-thiol chemistry. In the absence of target DNA, the stem-and-loop structure held the ferrocene label into close proximity with the electrode surface ensuring rapid electron transfer and hence efficient electrochemistry of the ferrocene label was observed in cyclic voltammogram (Fig. 4) . Hybridization induced a large conformational change in the surface-confined DNA and significantly altered the electron transfer tunneling distance between the electrode and the ferrocene label, causing a decrease in observed ferrocene current. 77 This design will give no response with non-specific adsorption of either DNA or redox label as it relies on the formation of a perfectly matched duplex which, in turn, transduces hybridization. However, it is not well-suited for detection of mismatches as mismatch sequences are still capable of forming duplexes with probe strands.
Clinical Microsensors, 78,79 a biochip company, has also utilized the ferrocene label for transduction of DNA through a three-component "sandwich" hybridization assay. This electrochemical sandwich assay consists of an immobilized capture probe, signaling probe and target DNA (Fig. 5) . Capture of the signaling probe, which is labeled with a ferrocene, at the DNA biosensor surface allows an electrochemical current to be recorded using molecular wires. However, the signaling probe can only be captured once hybridization of the target DNA has occurred with the immobilized capture probe. As the target DNA is longer than the capture probe, the signaling probe hybridized to the "sticky" unhybridized end of the target DNA. This dual hybridization approach eliminates the need to modify the target DNA sample and provides enhanced selectivity from the existence of two hybridization events. 
Enzyme labeled electrochemical DNA biosensors
In an effort to improve the sensitivity of the hybridization events, a transducer surface can also be modified with a polymer layer which is electrically conducting.
Caruana and Heller
48 have reported the use of enzyme-amplified DNA biosensors by immobilizing probe ss-DNA onto an electron-conducting polymer redox surface on a microelectrode and labeling the target DNA with an enzyme, soybean peroxidase (SBP). When the redox polymer and SBP were brought in to close proximity by hybridization, the modified interface switched from being a noncatalyst to a catalyst for electroreduction of hydrogen peroxide at −0.06 V versus Ag|AgCl as shown in Fig. 6 . This electroreduction current of hydrogen peroxide was monitored to detect hybridization.
A similar strategy was also employed in a sandwich-type enzyme-amplified fashion, similar to the ferrocene-labeled electrochemical sensor design shown in Fig. 5 , to further improve the sensitivity of the enzyme labeled electrochemical DNA biosensors. 49, 80 The redox polymer and probe ss-DNA were electrodeposited onto a screen-printed electrode, where the probe DNA hybridized with two target sequences, the analyte and horseradish peroxide (HRP) labeled reporter sequences, as portrayed in Fig. 7 . After hybridization, the HRP labels are in electrical contact with the redox polymer and are able to undergo electrocatalytic reduction of H 2 O 2 to H 2 O, and the electroreduction current at 0.10 V versus Ag|AgCl was measured to transduce hybridization.
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Multiple amplifications using a sandwich-type of enzyme labeled biosensor were also achieved by using a liposome as illustrated in Fig. 8 . 81, 82 The employment of liposome eliminates the need to use a redox polymer to amplify the DNA transduction signal. This sensing method does not rely on the electroreduction current of H 2 O 2 to detect DNA hybridization; instead the appearance of an insoluble product as a result of the biocatalytic precipitation is used to detect hybridization via AC impedance spectroscopy. 82 In a variation on this approach, Patolsky et al. further extended the application for the detection of single-base DNA mutation using avidin-alkaline phosphatase as a conjugate where its association with the detector interface catalysed the oxidative hydrolysis of 5-bromo-4-chloro-3-indoylphosphate to the insoluble indigo derivative upon exposure to single-base DNA mutated sequence. 
Metal-nanoparticle labeled electrochemical DNA biosensors
Colloidal metal-nanoparticles have also been used to transduce hybridization. The basic protocols for the detection of hybridization using metal-nanoparticles are illustrated in Fig. 9 . There are currently three approaches toward DNA detection using metal-nanoparticles: (i) the electrochemistry of the metal-nanoparticle is observed on the DNA-modified electrode 52 ; (ii) on a bare transducer after dissolving the metal-nanoparticles with acid treatment, 85 and (iii) the metal-nanoparticle is silver coated and the electrochemistry of silver is detected with or without silver dissolution. 50, 86 A recent example of this approach was demonstrated by Ozsoz et al., 52 who attached target DNA onto a pencil graphite electrode (PGE). When PGE modified target DNA hybridized with complementary probe DNA, which was conjugated to a gold-nanoparticle, the hybridization was detected electrochemically with the appearance of a gold-oxidation current using pulse-voltammetry. The current was greatly enhanced because of the availability of many oxidizable gold atoms and the relatively large surface area in each nanoparticle label. As potentiometric stripping voltammetry is known to be a powerful technique for trace metal measurements, the dissolution of metal-nanoparticles from the hybridized DNA strands for stripping analysis offers higher sensitivity toward DNA detection. This was demonstrated by Wang et al. 85 where they successfully detected the breast cancer DNA target using chronopotentiometric stripping analysis of the dissolved gold colloid from the hybridized DNA strand. Further amplification and lowering of the detection limits were achieved either by using a silver-nanoparticle 86 or by coating silver onto the gold-nanoparticle after oxidative dissolution of silver followed by analysis with stripping analysis.
50
Enhancement by silver toward DNA detection is achieved by the silver particles exhibiting a better electrochemical activity than gold, as the redox activity occurs at lower potential (under 0.4 V). Besides, silver metal can be easily oxidized to the soluble silver metal ions in concentrated acid medium. 86 This was shown by Wang et al. 50 where they reported a well-defined enhanced silver signal which was 125 times greater than that of the gold-nanoparticle when silver is coated onto the gold-nanoparticle.
Gold and silver are not the only two metals that can be used as metalnanoparticle labels. Zhu et al. 87 reported an electrochemical stripping method to detect DNA hybridization using cadmium sulfide. Their protocol consisted Fig. 9 . DNA detection scheme of metal-nanoparticle labeled electrochemical biosensor. The electrochemistry of metal-nanoparticle is observed (i) directly on the DNA-modified surface; (ii) after dissolution of metal and (iii) the metal-nanoparticle is silver coated and the electrochemistry of silver is detected with or without silver dissolution. M = metal-nanoparticle.
of hybridization of the target DNA with the cadmium sulfide nanocluster DNA probe, followed by anodic stripping analysis of the dissolved cadmium ions at a mercury-coated glassy carbon electrode. In yet another innovative application of this approach, Willner et al. 88 developed nanoparticle architectures of CdS particles and DNA to enhance the photoelectrochemical current that was used to detect DNA hybridization. The CdS-DNA aggregate was networked by repetitive treatment of CdS-modified DNA and complementary bridging DNA strands to produce larger assemblies of the CdS labels (Fig. 10) . Therefore the large CdS-DNA network enhanced and amplified the photoelectrochemical current between the CdSnanoparticle aggregate and the gold electrode. Another attractive feature of employing metal-nanoparticles as labels is the ability to detect multiple target DNA sequences simultaneously. 89 Different target DNA sequences can be encoded with different metal-nanoparticles to differentiate the signals of the DNA targets obtained from stripping analysis of heavy metal dissolution. In one example, three different DNA targets were labeled with zinc sulfide, cadmium sulfide and lead sulfide and after metal dissolutions, three welldefined and resolved stripping waves were observed at −1.12 V (Zn), −0.68 V (Cd) and −0.53 V (Pb) versus Ag|AgCl at the mercury-coated glassy carbon electrode.
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The potential and the current size of the individual peak revealed the identity and amount of the corresponding DNA target.
The metal-nanoparticle labeled approach is well-suited to multiple-target detection. However, many development steps are involved in the assay of hybridization. Therefore, the robustness and reliability of the sensing interface can be problematic. The target samples will also be destroyed if anodic stripping analysis is performed as the dissolution of metal-nanoparticles is performed in acidic medium. 
Intercalator labeled electrochemical DNA biosensors
A redox reporter molecule which gives greater information regarding whether a perfectly matched duplex has formed was shown by Takenaka et al., 46 who demonstrated that single-base mismatches could be detected electrochemically using a threading intercalator ferrocenylnaphthalene diimide (Fig. 11) . This threading intercalator has twin benefits of not only binding four times more efficiently to the duplex over ss-DNA but the complexation occurs 80 times faster with the duplex. An anodic current at 520 mV versus Ag|AgCl due to the electrochemistry of the ferrocene derivatives was measured to detect hybridization. A current observed before hybridization (i 0 ) and after hybridization (i) was compared, and the percentage increase [∆i = 100(i − i 0 )/i 0 ] due to formation of DNA duplexes on the surface of the transducer was taken as the measure of the presence (and the amount) of the target DNA.
One strategy that has recently attracted attention, which requires no modification of target DNA and relies on the formation of a perfect DNA duplex for transduction of DNA, is the concept of long-range electron transfer (Fig. 12) . The attractive feature of long-range electron transfer is that the transduction of DNA hybridization relies on charge transport through the perfect duplex via bonding between redox-active intercalator and the DNA base pair. The long-range electron transfer approach is simple, requires no labeling of target DNA. This approach is uniquely well-suited for mismatch detection as any perturbation of the base pair in the DNA duplex will affect the efficiency of the rate of electron transfer and therefore an attenuation of electrochemical signal will be observed. Long-range electron transfer for detecting DNA hybridization has been demonstrated electrochemically by Barton and co-workers. 14, 45, 90, 91 In these electrochemical systems, the DNA duplexes are assembled into densely packed films on a gold electrode surface. Long-range electron transfer is demonstrated via the electrochemistry of electroactive unbound intercalators methylene blue (MB) 14, 45, 91 or tethered daunomycin 90 which intercalates into the end of the DNA duplexes remote from the electrode. The rate of electron transfer for the 18 base pairs with the daunomycin intercalated at the end was observed to be 100 s −1 with little attenuation in rate with distance. 14 It is important to note that, unlike the photoinduced electron transfer studies, ground state electron transfer is achieved in the electrochemical case.
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Denaturing the duplex to leave only single strands on the electrode surface resulted in a diminution in the charge passed where some charge is observed with the ss-DNA modified electrodes as the denaturing of the closely packed duplex leaves a more open interface and the redox species can access the electrode directly. 45 The importance of the intercalation of the redox molecule in enabling efficient electron transfer was illustrated by Heller and co-workers 93 where a similar densely packed DNA film was prepared. The redox active molecule, pyrrolo-quinoline-quinone (PQQ) was covalently attached to the end of the DNA duplexes but with a sufficiently short tail to prevent intercalation. With the PQQ essentially locating on the top of the 12 base pair duplexes the rate of electron transfer was significantly slower (1.5 s −1 ).
Heller and co-workers hypothesized that the highly ordered DNA films could be regarded as "ionic crystals" which allowed free movement of electrons between the PQQ and the electrode. Gooding and co-workers further extended the concept of long-range electron transfer for DNA transduction by using an anionic intercalator, anthraquinone-2,6-disulfonic acid (AQDS) and a loosely-packed ss-DNA film. 15 The ability of this biosensing system to differentiate a complementary DNA sequence from a noncomplementary target DNA sequence and one containing a single-base pair mismatches (including thermodynamically stable G-A mismatch target) is consistent with Barton's group. 14, 45, 90, 91 The absence of background electrochemical current when on single strand probe DNA was present on the interface was attributed to the electrostatic repulsion between the AQDS and the sensing interface preventing any non-specific binding of AQDS to the electrode surface. The lack of background electrochemical current then allows any current to be attributed to long-range electron and has the advantage from a sensing perspective that not all probe strands are required to have formed duplexes to give a reliable signal. However, the DNA biosensor based on long-range electron transfer using AQDS has limitations with regard to high detection limit and a long assay time. Nevertheless, these limitations were overcome by using a less anionic intercalator, anthraquinone-2-monosulfonic acid (AQMS) 94 and a more favorable DNA interface. 95 The newly developed in situ approach by Gooding group, 96 where the DNA transduction was performed in a single step with AQMS present in the sample solution containing the target DNA, also allows DNA hybridization to be monitored in real time with good selectivity and sensitivity.
Future Prospects
The development of DNA hybridization biosensors is already quite vast and continues to grow and broaden. Successful detection of DNA hybridization and DNA mutation has been demonstrated using different types of DNA hybridization sensors as discussed above. DNA microarrays or DNA chips are commercially available exploiting different fabrication technologies and detection protocols. These include (i) optical-based DNA Chips as developed by Affymetrix Inc. (GeneChip ) , 97 Protogene laboratories, Hyseq Inc. (HyChip TM ) and Nanogen 98 ; (ii) mass spectrometry-based arrays as developed by Sequenom and (iii) electrochemicalbased DNA chips as developed by GeneOhm Sciences Inc., Toshiba Corp. and Motorola Life Sciences Inc. Despite the promising opportunities offered by these DNA sensing technologies for large-scale genomic diagnostics, the DNA assays routinely start with amplification by PCR. Without the preamplification step, low copy numbers of DNA sample which gives rise to challenges for interfacial hybridization. Therefore, the real goal is to eliminate the need for PCR and develop a rapid assay to detect a few copies of DNA on a DNA chip. With the rapid advances in microfabrication and biosensing world, it can be foreseen that this goal will be accomplished in the near future.
